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(54) Mechanical force sensor 

(57) A mechanical -force sensor includes two piezo- 
electric vibrators which are arranged such that stresses 
in mutually opposite directions are applied thereto by a 
mechanical force such as an acceleration. A current- 
voltage converter and signal-summing circuit converts 
current signals that flow through the two piezoelectric 
vibrators into voltage signals. A voltage-amplifier and 
amplitude-limiter circu it amplifies a sum signal of the two 
voltage signals, and provides a positive feedback of a 
voltage signal that is in phase with the current signals, 
thereby causing an oscillating operation. A phase differ- 
ence-voltage converter circuit generates a voltage sig- 
nal that is proportional to the phase difference between 
the voltage signals yielded by the conversion. An ampli- 
fier and filter circuit DC-amplifies the voltage signal and 
removes unwanted frequency components therefrom. 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[0001] The present invention relates to a mechanical force sensor for detecting a mechanical force such as an ac- 
celeration, an angular acceleration, an angular velocity, or a load. 

2. Description of the Related Art 

[0002J An acceleration sensor Including piezoelectric vibrators Is disclosed In Japanese Unexamined Patent Appli- 
cation Publication No. 2002-243757 by the assignee of the present application. Japanese Unexamined Patent Appli- 
cation Publication No. 2002-243757 corresponds to U.S. Patent Application Serial Number 10/054,858, filed January 
25, 2002, now pending. 

[0003] In the acceleration sensor, a bridge circuit Is defined by two piezoelectric vibrators to which stresses In mutually 
opposite directions are applied by an acceleration, and by load Impedances Including two capacitors. Furthermore, a 
voltage-dividing Impedance circuit Is provided between average outputs thereof, and a signal at the voltage-dividing 
point of the voltage-dividing impedance circuit is fed back to a node between the two piezoelectric vibrators by a 
feedback signal processing circuit, whereby an oscillation circuit is provided. A phase difference between oscillation 
outputs of the average outputs of the bridge circuit Is detected and output as an acceleration detection signal. 

(1) Factors of variation In the circuit portion 

[0004J The features of the acceleration sensor include the ability to detect an acceleration associated with a DC 
component such as gravitational acceleration, not being susceptible to the effect of electrostatic capacitance of the 
piezoelectric vibrators even when the resonant frequency Is high, high sensitivity of detection, and no need to amplify 
a high-frequency voltage signal by a precise gain. 

[0005] In the acceleration sensor, however, since a bridge circuit Is defined by the two piezoelectric vibrators and 
the load Impedances Including two capacitors, the phase difference between oscillation outputs does not become zero 
unless the bridge becomes balanced. That is, even if stresses applied to the piezoelectric vibrators are both zero, the 
output of the acceleration sensor does not become zero. Furthermore, although It Is an advantage that the load Im- 
pedances can be adjusted to cancel out the variation between the piezoelectric vibrators when variation between the 
piezoelectric vibrators Is large, If variation between the piezoelectric vibrators Is so small from the start that adjustment 
Is not needed, extra processing for equalizing the characteristics of the load Impedances is required. 

(2) Layout of the piezoelectric vibrators and the circuit 

[0006] The acceleration sensor, In which electrostatic capacitance is large relative to the load impedances, Is not 
susceptible to the effect of stray capacitance of a circuit board. Thus, it does not require coating or hermetically sealed 
packaging. 

[0007] In the acceleration sensor, however, the distance between the piezoelectric vibrators and the circuit must be 
kept within several cm. This is a constraint attributable to the use of the principle of Colpitis oscillator. That is, the 
constraint is attributable to the susceptibility to wiring resistance and inductance components due to high input imped- 
ance of the circuit and high Input voltage to the circuit. Since it is assumed that the distance between the piezoelectric 
vibrators and the circuit will be 1 0 cm or longer In some applications, a need exists for a detection method that will 
work In principle even If the distance between the piezoelectric vibrators and the circuit Is large as described above. 

(3) Adjustment of point of maximal sensitivity to acceleration 

[0008] The acceleration sensor allows sensitivity to acceleration to be adjusted to a maximal point by a phase-shift 
circuit. However, It Is difficult to control the amount of phase shift by the phase-shift circuit. 

[0009] The problems described above are not specific to acceleration sensors, but are common to cases where 
currents that flow through piezoelectric vibrators change in accordance with the amount of a mechanical force such 
as an angular acceleration, an angular velocity, or a load. 
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SUMMARY OF THE INVENTION 

[0010] In order to solve the problems described above, preferred embodiments of the present Invention provide a 
mechanical force sensor that eliminates the need for adjustment and reduces variation factors of a circuit portion by 
reducing variation In characteristics of two piezoelectric vibrators, and that allows the piezoelectric vibrators and the 
circuit portion to be disposed at a distance from each other, and that eliminates the need of controlling the amount of 
a phase shift by a phase-shift circuit 

[0011 J According to a preferred embodiment of the present Invention, a mechanical force sensor includes two pie- 
zoelectric vibrators to which stresses In mutually opposite directions are applied by a mechanical force, a circuit for 
applying a voltage signal commonly to the two piezoelectric vibrators, a current-voltage converter circuit for converting 
current signals that flow through the two piezoelectric vibrators Into voltage signals, and a phase-difference signal 
processing circuit for detecting a phase difference between the output voltage signals of the current-voltage converter 
circuit and outputting a mechanical force detection signal. Accordingly, the effect on a measurement operation is min- 
imized and stable measurement of a mechanical force Is facilitated. 

[001 2J The mechanical force sensor may be such that the circuit for applying a voltage signal commonly to the two 
piezoelectric vibrators Is a voltage amplifier circuit that provides the two piezoelectric vibrators with a positive feedback 
of a voltage signal from and In phase with a voltage signal obtained by summing the current signals that flow through 
the two piezoelectric vibrators, output from the current-voltage converter circuit, whereby the voltage amplifier circuit, 
the piezoelectric vibrators, and the current-voltage converter circuit causes an oscillating operation. 
[0013] Accordingly, highly sensitive detection of a mechanical force Is facilitated based on sharp responses of res- 
onant frequencies to stresses applied to the two piezoelectric vibrators. Furthermore, characteristics of the two piezo- 
electric vibrators affect operating points of oscillating operations, thereby stabilizing change in oscillating frequency In 
relation to stresses applied to the two piezoelectric vibrators. 

[0014] The mechanical force sensor may be such that the voltage amplifier circuit Includes a voltage amplitude 
limiting circuit including a constant current circuit and a current switching circuit, and the voltage amplitude limiting 
circuit limits a voltage amplitude of the voltage signal commonly applied to the two piezoelectric vibrators. Accordingly, 
the driving voltage of the piezoelectric vibrators is maintained constant, stabilizing circuit operation and preventing 
generation of heat by the piezoelectric vibrators. 

[0015] The mechanical force sensor may be such that a frequency of the oscillating operation Is a frequency In a 
resonant frequency range of the piezoelectric vibrators. Since the Impedances of the piezoelectric vibrators are low In 
resonant frequency ranges thereof, large currents that flow into the current- voltage converter circuit to increase the 
gain, causing a stable oscillating operation. This improves sensitivity to change In a signal to be detected In accordance 
with a mechanical force applied to the sensor. 

[0016] The mechanical force sensor may be such that the resonant frequency range Is a range In which admittance 
phases of the piezoelectric vibrators are within approximately 0 ± 45 degrees. Accordingly, change In the phase dif- 
ference between the output voltage signals of the current- voltage converter circuit In accordance with a mechanical 
force applied becomes more linear, allowing detection of the mechanical force in a larger dynamic range. 
[0017] The mechanical force sensor may be such that the current-voltage converter circuit Includes two differential 
amplifier circuits for respectively generating current signals In opposite phases with Input current signals to cancel out 
the Input current signals and for respectively distributing the current signals In the opposite phases Into two, and of the 
two distributed signals associated with each of the two differential amplifier circuits, first current signals flow through 
a common Impedance element and second current signals flow respectively through different Impedance elements, 
thereby generating voltage signals to be output. 

[0018] By converting changes in the phase of currents that flow through the two piezoelectric vibrators into changes 
In voltages by two differential amplifier circuits as such, noise components In phase with each other (drift) are removed. 
[0019] The mechanical force sensor may be such that at least one of the impedance elements is a resistor. Accord- 
ingly, cost Is reduced, and voltage signals that are In phase with the currents that flow through the two piezoelectric 
vibrators are obtained, readily allowing a positive feedback to the piezoelectric vibrators by the voltage amplifier circuit. 
[0020] In the mechanical force sensor, the differential amplifiercircuitsmaybe arranged such that emitters or sources 
of first and second transistors are connected to each other, a first resistor is connected between a node therebetween 
and an analog ground, emitters or sources of third and fourth transistors are connected to each other, a second resistor 
Is connected between a node therebetween and the analog ground, bases or gates of the first to fourth transistors are 
connected to a constant voltage source, collectors or drains of the second and third transistors are connected to each 
other, a fifth resistor is connected between the collectors or drains and a power supply line, and third and fourth resistors 
are connected between the collectors or drains of the first and fourth transistors and the power supply line, respectively. 
[0021] By forming common-base amplifier circuits or common-gate amplifier circuits as described above, input im- 
pedances of the amplifier circuits are decreased and Input capacitances are reduced, so as to provide voltage amplifier 
circuits and oscillation circuits having favorable frequency characteristics. 
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[0022] The mechanical force sensor may be such that the phase-difference signal processing circuit is a differential 
phase difference-voltage converter circuit that receives a differential Input of the output voltage signals of the current- 
voltage converter circuit and that outputs a voltage signal representing a phase difference. Accordingly, noise compo- 
nents In phase with each other are removed, so that a voltage signal In accordance with a mechanical force, having 
5 small noise components on the whole, is obtained. 

[0023] The mechanical force sensor may be such that resistors are connected respectively In series with the two 
piezoelectric vibrators. Accordingly, sensitivity of detection in response to stresses applied to the piezoelectric vibrators 
is stabilized, and temperature characteristics are compensated. 

[0024] The mechanical force may be, for example, an acceleration, an angular acceleration, an angular velocity, or 
10 a load. 

[0025] Other features, elements, characteristics and advantages of the present Invention will become more apparent 
from the following detailed description of preferred embodiments thereof with reference to the attached drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

15 

[0026] 

Fig. 1 is a block diagram showing the overall configuration of an acceleration sensor according to a first preferred 
embodiment of the present invention; 
20 Fig. 2 is a diagram showing the circuit configuration of a current-voltage converter and signal-summing circuit in 

the acceleration sensor; 

Fig. 3 is a diagram showing the circuit configuration of a voltage-amplifier and amplitude-llmiter circuit in the ac- 
celeration sensor; 

Fig. 4 is a diagram showing the circuit configuration of a phase difference-voltage converter circuit In the acceler- 
25 ation sensor; 

Fig. 5 Is a block diagram showing the overall configuration of an acceleration sensor according to a second preferred 
embodiment of the present Invention; 

Fig. 6 is an equivalent circuit diagram of main elements of the acceleration sensor; 

Fig. 7 Is a diagram showing the configuration of a current- voltage converter and signal-summing circuit In an 
30 acceleration sensor according to a third preferred embodiment of the present Invention; 

Figs. 8A and 8B are diagrams showing characteristics of piezoelectric vibrators in the acceleration sensors ac- 
cording to preferred embodiments of the present invention; 
Fig. 9 is an external perspective view of an acceleration-detecting device. 
Fig. 10 Is an exploded perspective view of the acceleration-detecting device; and 
55 Fig. 11 Is an. exploded perspective view of main elements of the acceleration-detecting device. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

[0027] First, the construction of a piezoelectric vibrator Included in acceleration sensors according to preferred em- 

40 bodlments of the present invention will be described with reference to Figs. 9 to 11 . 

[0028] Fig. 9 Is an overall perspective view of an acceleration-detecting device, Fig. 10 is an exploded perspective 
view thereof, and Fig. 11 is a further exploded perspective view of main elements shown In Fig. 10. 
[0029] The acceleration- detecting device 1 0 includes two piezoelectric vibrators Sa and Sb supported by a center- 
impeller beam structure in insulating cases 5 and 6 composed of, for example, an insulating ceramic material. In this 

45 example, the piezoelectric vibrators Sa and Sb are preferably unlmorph detecting devices. Resonators 20 and 30 
implemented by providing electrodes 21 and 22 and 31 and 32 respectively on the top and bottom major surfaces of 
strip-shaped piezoelectric ceramic plates are Joined respectively with surfaces of base plates 23 and 33 for Integration 
therewith, by bonding, soldering, or other suitable connection device or method. The resonators 20 and 30 preferably 
are both energy-trap type thickness-shear vibration -mode resonators, and are polarized in the lengthwise direction of 

so the resonators 20 and 30. The electrodes 21 and 22 and 31 and 32 on the top and bottom surfaces have first ends 
thereof opposed In central regions of the resonators 20 and 30, and second ends thereof extending to opposite ends 
of the resonators 20 and 30. 

[0030] The base plates 23 and 33 are Insulating plates preferably having substantially the same length and width as 
the resonators 20 and 30, and the arrangement is such that the f lexural center planes of the piezoelectric vibrators Sa 
55 and Sb, associated with the effect of acceleration, are on the sides of the base plates 23 and 33 with respect to the 
joint surfaces between the resonators 20 and 30 and the base plates 23 and 33. The base plates 23 and 33 are 
preferably made of a material having a flexural rigidity higher than that of a material for the resonators 20 and 30. The 
masses of the base plates 23 and 33 are made as large as possible so that the base plates 23 and 33 will function as 
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mass bodies (weights). The surfaces of the base plates 23 and 33 opposing the resonators 20 and 30 have concavities 
23a and 33a defining spaces that are larger than ranges of trapped vibration of the resonators 20 and 30 and smaller 
than ranges of flexure due to acceleration. Thus, trapped vibration of the resonators 20 and 30 Is not constrained, and 
the resonators 20 and 30 and the base plates 23 and 33 are bent together by acceleration. 

5 [0031J Both ends of the two piezoelectric vibrators Sa and Sb In the lengthwise direction are opposlngly joined via 
bonding layers 4 defining a spacer layer so that the resonators 20 and 30 will be bent Independently in mutually opposite 
directions and In a direction of application of an acceleration G. The outer surfaces of the piezoelectric vibrators Sa 
and Sb In the direction of application of the acceleration G are covered by a pair of left and right case members 5. The 
case members 5 preferably have substantially horseshoe-shaped sections, and protrusions 5a on both ends thereof 

io are bonded and fixed to the outer surfaces of the piezoelectric vibrators Sa and Sb (the exposed surfaces of the 
resonators 20 and 30) at both ends. Thus, spaces that allow the piezoelectric vibrators Sa and Sb to bend In response 
to the acceleration G are generated between the case members 5 and the piezoelectric vibrators Sa and Sb by con- 
cavities 5b of the case members 5. 

[0032] Furthermore, the top and bottom open surfaces defined by the piezoelectric vibrators Sa and Sb and the case 

*s members 5 are covered by a pair of top and bottom cover members 6. On the inner surfaces of the cover members 6, 
concavities 6a for avoiding contact with the piezoelectric vibrators Sa and Sb are formed, and peripheral portions 
thereof are bonded and fixed to the open surfaces. Thus, portions of the piezoelectric vibrators Sa and Sb that are 
displaced by the acceleration G are completely sealed by the case members 5 and the cover members 6. 
[0033] Of the electrodes 21 and 22 and 31 and 32 disposed on the resonators 20 and 30, the electrodes 21 and 32 

20 are conductlvely connected to each other via an inner strip electrode 51 provided on an open surface defined by the 
piezoelectric vibrators Sa and Sb and the case members 5, and are extended to the outer surfaces of the case members 
5, The electrode 22 Is extended to the outer surface of the case members 5 via an inner electrode 52 disposed on the 
top open surface, and the electrode 31 Is extended to the opposite outer surface of the case members 5 via an inner 
electrode 53 disposed on the bottom open surface. 

25 [0034] On the outer surfaces of the case members 5 and the cover members 6, outer electrodes 61 , 62, and 63 are 
provided, as shown in Fig. 1 0, and the inner electrodes 51 , 52, and 53 are connected to the outer electrodes 61 , 62, 
and 63, respectively. The surface-mount chip acceleration -detecting device 1 0 is thus provided. 
[0035] Next, characteristics of the piezoelectric vibrator will be described with reference to Figs. 8A and 8B. Fig. 8A 
shows change In the phase of a current caused In a circuit shown In the figure when the frequency of a voltage source 

30 is varied (I.e., admittance phase). A solid line represents a state without a stress applied, and a dashed line represents 
a state with a stress applied. Fig. 8B is an enlarged view of a resonant frequency range in Fig. SA. 
[0036] Referring to Figs. 8A and 8B, a frequency at which the phase becomes 0 degrees Is a resonant frequency of 
the piezoelectric vibrator. As Is apparent from Figs. 8A and 8B, the resonant frequency is changed from fr(0) to fr(x) 
by application of a stress. It is understood that the phase changes from (j>(0) to <j>(y) by application of a stress if the 

35 frequency of the voltage source is fixed to f r(0). Letting the electromechanical force factor of the piezoelectric vibrator 
be denoted by Qm and the rate of change In the resonant frequency due to stress be denoted by D(fr), (J>(y) can be 
approximated by equation (1) : 



4 o <My) = (360/tc) X Qm X D(fr) [deg] (1) 

[0037] Now, the configuration of an acceleration sensor according to a first preferred embodiment will be described 
with reference to Figs. 1 to 4. 

[0038] Fig. 1 is a block diagram showing the overall configuration of the acceleration sensor. Referring to Fig. 1 , an 
45 acceleration-detecting device 10 preferably Includes two piezoelectric vibrators Sa and Sb to which stress In mutually 
opposite directions Is applied by an acceleration. A current-voltage converter and signal-summing circuit 11 converts 
current signals that flow through the two piezoelectric vibrators Sa and Sb of the acceleration-detecting device 1 0 Into 
voltage signals, outputting an Sa signal and an Sb signal. The current-voltage converter and signal-summing circuit 
1 1 also outputs a sum signal of the Sa signal and the Sb signal. 
so [0039] A voltage-amplifier and amplitude-limiter circuit 1 2 amplifies the voltage of the sum signal and limits the am- 
plitude thereof, outputting a voltage signal Vosc to the acceleration-detecting device 10. The voltage signal Vosc Is 
applied to a common node between the two piezoelectric vibrators Sa and Sb. 

[0040] A phase difference-voltage converter circuit 1 3 corresponds to a "phase-difference signal processing circuit" 
according to preferred embodiments of the present Invention, and It generates a voltage signal that Is proportional to 
55 the phase difference between the Sa signal and the Sb signal yielded by the conversion Into voltage signals. 

[0041] An amplifier and filter circuit 14 amplifies, by a predetermined gain, the voltage signal obtained by the con- 
version by the phase difference-voltage converter circuit 13, and removes unwanted frequency components, outputting 
the result as an acceleration detection signal. In the circuit shown In Fig. 1 , the resonant frequencies of the piezoelectric 
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vibrators Sa and Sb are equalized, and the frequency of the voltage signal Vosc Is set to be the resonant frequency fr 
(0) of the piezoelectric vibrators Sa and Sb, so that an output signal Is output from the amplifier and filter circuit 14 
when stresses In opposite phases, I.e., compression (tension) and tension (compression), are applied to the piezoe- 
lectric vibrators Sa and Sb. 

5 [0042] The voltage signal Vosc Is a voltage signal of a self-excited oscillation system that loops among the piezoe- 
lectric vibrators Sa and Sb, the current-voltage converter and signal-summing circuit 1 1 , and the voltage-amplifier and 
amplitude-llmlter circuit 1 2. 

[0043] The frequency of the voltage signal Vosc Is not limited to the resonant frequency of the piezoelectric vibrators 
Sa and Sb, and If It is set to be a frequency at which the frequency-phase characteristics shown In Fig. 8 can be 
io regarded as substantially linear, an acceleration signal can be detected. A frequency at which the admittance phase 
Is within approximately ±45 degrees Is practically acceptable. The maximal sensitivity of detecting acceleration Is 
achieved when the frequency of the voltage signal Vosc Is matched with the resonant frequency of the piezoelectric 
vibrators Sa and Sb. 

[0044] Even If the piezoelectric vibrators Sa and Sb have different resonant frequencies, a practically acceptable 
15 sensitivity is achieved by setting the frequency of the voltage signal Vosc so that the admittance phases of the piezo- 
electric vibrators Sa and Sb are within approximately ±45 degrees. Preferably, the frequency of the voltage signal Vosc 
Is set to be a mid frequency between the respective resonant frequencies of the piezoelectric vibrators Sa and Sb. 
[0045] Since stresses In opposite phases, I.e., compression (tension) and tension (compression), are applied to the 
piezoelectric vibrators Sa and Sb, changes in the characteristics of the piezoelectric vibrators Sa and Sb are always 
20 in opposite phases, canceling out each other when summed. Thus, the characteristics of the sum signal output from 
the current-voltage converter and signal-summing circuit 11 are always the same regardless of application of an ac- 
celeration. Accordingly, the frequency of the voltage signal Vosc does not change even if tne characteristics of the 
piezoelectric vibrators Sa and Sb change due to application of an acceleration. 

[0046] As shown In Figs. 8A and 8B, the phase characteristics of a piezoelectric vibrator have two ranges In which 
25 the admittance phase is within approximately ±45 degrees (a resonant frequency range and an anti-resonant frequency 
range). In the anti-resonant frequency range, the impedance of the piezoelectric vibrator Is high. Thus, a current that 
flows Into the current-voltage converter and signal-summing circuit 11 Is small, so that the gain becomes small and an 
oscillation is not caused. 

[0047] On the other hand, In the resonant frequency range, the Impedance of the piezoelectric vibrator Is low. Thus, 
so a large current flows Into the current-voltage converter and signal-summing circuit 1 1 , so that the gain becomes large 
and a stable oscillation is caused. 

[0048] In the resonant frequency range, the Impedance of the piezoelectric vibrator and the Input Impedance of the 
current-voltage converter and signal-summing circuit 1 1 are both low, and matching can be readily achieved. Thus, C/ 
N ratio can be readily improved. 

35 [0049] Fig. 2 Is a circuit diagram of the current-voltage converter and signal-summing circuit 1 1 shown In Fig. 1 . The 
circuit includes four transistors Q11 , Q12, Q21 , and Q22, and five resistors R1 to R5. As shown In Fig. 2, the emitters 
of the transistors Q11 and Q21 are connected to each other, and the resistor R1 is connected between a node between 
the emitters and an analog ground. Also, the emitters of the transistors Q12 and Q22 are connected to each other, and 
the resistor R2 Is connected between a node between the emitters and the analog ground. All the bases of the resistors 

40 Q11 , Q12, Q21 , and Q22 are connected to a constant voltage source Vreg. The collectors of the transistors Q11 and 
Q12 are connected to each other, and the resistor R5 is connected between a node between the collectors and a power 
supply Vcc. The resistors R3 and R4 are connected between the collectors of the transistors Q21 and Q22 and the 
power supply, respectively. 

[0050] The transistors Q1 1 , Q12, Q21 , and Q22 preferably have the same characteristics. The resistors R1 and R2 
45 have the same resistance, and the resistors R3 and R4 have the same resistance. Furthermore, the resistors R1 to 
R5 have the same temperature characteristics. 

[0051 ] The current-voltage converter and signal-summing circuit 1 1 1s a common-base amplifier circuit. That Is, when 
a current la enters the node between the emitters of the transistors Q11 andQ21 and the resistor R1 via the piezoelectric 
vibrator Sa, currents flow from the transistors Q11 and Q21 so as to cancel out the current la. Similarly, when a current 
so lb enters the node between the emitters of the transistors Q1 2 and Q22 and the resistor R2 via the piezoelectric vibrator 
Sb, currents flow from the transistors Q12 and Q22 so as to cancel out the current lb. Thus, the Input Impedances of 
the amplifier circuit as viewed from the piezoelectric vibrators Sa and Sb are extremely low. 

[0052] Since the transistors Q11 and Q21 have the same characteristics and the bases thereof are at the same 
potential, the same amount of current flows Into each of the collectors of the transistors Q1 1 and Q21 . Similarly, since 
55 the transistors Q12 and Q22 have the same characteristics and the bases thereof are at the same potential, the same 
amount of current flows into each of the collectors of the transistors Q12 and Q22. 

[0053] Since the transistors Q1 1 , Q12, Q21 , and Q22 have the same characteristics, the bases thereof are at the 
same potential, and R1 = R2, the Input impedances as viewed from the piezoelectric vibrators Sa and Sb are equal. 
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Letting the Input Impedance be denoted by Zln, Zln can be expressed by the following equation: 

Zin = 1/{(1/Ri) + (1+hfe)/hie} x 1/2 (2) 

where Rl = R1 = R2, hfe denotes an amplification factor for a small current signal In the case of common emitter, and 
hie denotes an Input Impedance between the base and the emitter In the case of common emitter. 
[0054] Assuming that hfe = 300 , hie = 1 kft, and Ri = 1 00 ft, the Input impedance Zin is about 1 .6 ft, which is extremely 
low. Since the Input impedance is extremely low as described above, the following advantages are achieved: 



(1 ) Non-susceptibility to effects of variations in electrostatic capacitance at the input of thecurrent-voltage converter 
and signal-summing circuit 11 . 

(2) Non-susceptibility to the effects of stray capacitance caused on a circuit board, etc. defining the current- voltage 
converter and signal-summing circuit 11 . 

(3) Due to the advantages (1) and (2), the phases of the current signals la and lb Input to the current- voltage 
converter and signal-summing circuit do not change even If a resistance component and/or an Inductance com- 
ponent is present in the wiring between the acceleration-detecting device 10 and the current-voltage converter 
and signal-summing circuit 11 . 

20 [0055] Thus, even if the acceleration-detecting device 10 and the current-voltage converter and signal-summing 
circuit 1 1 are disposed at a distance from each other, the effect Is extremely small. 

[0056] Although the Input impedance Zln is preferably about 1 .6 ft in this preferred embodiment, the Input impedance 
Zln is not limited thereto. For example, if It Is aimed to separate the acceleration-detecting device 10 and the current- 
voltage converter and signal-summing circuit 1 1 by a distance on the order of several ten cm, the Input impedance Zln 
25 may be on the order of several hundred ft if the oscillating frequency Is several MHz (an oscillating operation will be 
described later). That Is, to which extent the input. Impedance is lowered is determined as appropriate In consideration 
of the distance between the acceleration-detecting device 1 0 and the current-voltage converter and signal-summing 
circuit 11 and of installation environment. 

[0057] The output levels (amplitudes) of the Sa signal, the Sb signal, and the sum signal output from the current- 
30 voltage converter and signal-summing circuit 11 can be expressed respectively by the following equations, where la 
and lb denote currents input via the piezoelectric vibrators Sa and Sb: 



Level of the Sa signal = R3 x la/2 (3) 
Laval of the Sb signal = R4 X lb/2 (4) 
Level of the sum signal =R5x (la + lb)/2 (5) 



[0058] In order to equalize the output levels of the three signals, the resistance ratio among the resistors R3, R4, 
and R5 is preferably approximately 2:2:1 . It is understood from equations (3) and (4) that this circuit operates as a 
current- voltage converter that converts currents la and lb flowing through the piezoelectric vibrators Sa and Sb into 
45 voltage signals. Also, it is understood from equation (5) that the circuit operates as a signal-summing circuit that sums 
the currents la and lb flowing through the piezoelectric vibrators Sa and Sb and converts the result into a voltage signal. 
[0059] The current signals la and lb can be expressed by the following equations: 



la = Vosc/Z(Sa) (6) 



lb = Vosc/Z(Sb) (7) 



ss where Z(Sa) denotes an impedance of the piezoelectric vibrator Sa at the oscillating frequency, Z(Sb) denotes an 
Impedance of the piezoelectric vibrator Sb at the oscillating frequency, and Vosc denotes an output voltage from the 
voltage-amplifier and amplltude-lfmlter circuit 1 2. 

[0060] The sensitivity of the acceleration sensor to acceleration becomes highest when the sum (la + lb) of the 
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currents la and lb flowing through the piezoelectric vibrators Sa and Sb Is In phase with the output voltage Vosc of the 
voltage-ampllfler and amplltude-llmlter circuit 12. In the circuit disclosed In Japanese Unexamined Patent Application 
Publication No. 2002-243757, described earlier, an optimal point must be set by a phase-shit circuit, According to this 
preferred embodiment, current signals that flow through the two piezoelectric vibrators Sa and Sb are used, eliminating 
5 the need for the phase-shift circuit. It suffices to arrange the current-voltage converter and signal-summing circuit 11 
and the voltage-ampllfler and amplltude-llmlter circuit 12 so that the sum signal will be In phase with the voltage signal 
Vosc In total. 

[0061 J Since the current-voltage converter and signal-summing circuit 1 1 Is Implemented by a common-base amplifier 
circuit as shown In Fig. 2, the sum (la + lb) of the currents la and lb that flow through the piezoelectric vibrators Sa 
10 and Sb are In phase with the voltage of the sum signal. Also, the voltage-ampllfler and amplltude-llmlter circuit 12 Is 
arranged so that the Input sum signal Is in phase with the output voltage Vosc. Thus, the phase shift In the two circuits 
In total Is zero (In phase). 

[0062] Although bipolar transistors are preferably used in the example shown in Fig. 2, FETs (field-effect transistors) 
may be used for Implementation. In that case, the gates, sources, and drains of the FETs correspond to the bases, 
13 emitters, and collectors of the bipolar transistors, respectively. 

[0063] The number of transistors Is not limited to four, and transistors may be connected In parallel to the transistors 
Q11, Q12, Q21, and Q22, for example, In order to lower the Input Impedance. 

[0064] Furthermore, the amplifier circuit Is not limited to common-base type. In essence, the arrangement of the 
circuit Is such that current signals in opposite phases with input current signals are generated to cancel out the input 
20 current signals, thereby lowering the Input Impedance, circuits for respectively dividing the opposite-phase current 
signals Into two are provided, and of the two distributed current signals associated with each of the circuits, first current 
signals flow through a common Impedance element, generating a current-voltage conversion signal (la + lb), and 
second current signals respectively flow through different impedance elements, generating current-voltage conversion 
signals la and lb, respectively. 

25 [0065] By using the resistors R1 to R5 as impedance elements as shown in Fig. 2, overall cost is reduced, and a 
voltage signal In phase with the la, lb, and (la + lb) signals can be readily yielded. This advantage Is not limited to a 
common-base amplifier circuit. 

[0066] As described above, two piezoelectric vibrators to which stresses In mutually opposite directions are applied 
by a mechanical force, a circuit for applying a voltage signal commonly to the two piezoelectric vibrators, a current- 

30 voltage converter circuit for converting current signals that flow through the two piezoelectric vibrators into voltage 
signals, and a phase-difference signal processing circuit for detecting a phase difference between the output voltage 
signals of the current- voltage converter circuit and outputtlng a mechanical force detection signal are provided. Thus, 
the negative effects of a measurement environment are minimized, and stable measurement of a mechanical force Is 
facilitated. Accordingly, the circuit portion need not be adjusted. 

35 [0067] Furthermore, in the current-voltage converter circuit, changes In the phases of currents that flow through the 
two piezoelectric vibrators are converted Into change In a voltage by two differential amplifier circuits, whereby a noise 
component in phase with each other (drift) is removed. 

[0068] Furthermore, since the differential amplifier circuits are Implemented by common-base amplifier circuits or 
common-gate amplifier circuits, the input impedance and Input capacitance of the amplifier circuits are small. Thus, a 
40 voltage amplifier circuit and an oscillation circuit having favorable frequency characteristics are provided. 

[0069] With these operations, the piezoelectric vibrators that receive a mechanical force to be detected can be sep- 
arated from the piezoelectric vibrators, allowing applications to various purposes. 

[0070] Fig. 3 is a circuit diagram of the voltage-amplifier and amplitude-limiter circuit 1 2 shown in Fig. 1 . The circuit 
amplifies the sum signal voltage output from the current-voltage converter and signal-summing circuit 1 1 shown in Fig. 
45 1 1 converts the result into a rectangular wave having an amplitude that may be arbitrarily determined, and performs 
Impedance conversion, thereby applying a voltage signal Vosc to a common terminal of the piezoelectric vibrators Sa 
and Sb. 

[0071] Referring to Fig. 3, a transistor Q3 and a resistor R6 define a voltage-follower circuit. According to this ar- 
rangement, the sum signal is received at high input impedance. The output of the voltage-follower circuit is input to 

so the base of a transistor Q71 via a capacitor C3. 

[0072] Transistors Q5, Q61, Q62, Q71, Q72, Q8, and resistors R7 to R10 define an ECL (emitter coupled logic) 
circuit. The transistors Q71 and Q72 define a current switch. That Is, one of the two transistors Q71 and Q72 with a 
lower base potential is turned OFF, and the other transistor with a higher base potential Is turned ON and a current 
flows Into the collector. The current that flows through the current switch Is controlled by a constant current circuit 

55 defined by a constant voltage source Vreg, the resistor R7, and the transistors Q5, Q61 , and Q62. The transistors Q61 
and Q62 define a current mirror circuit, and the same amount of current flows through the transistor Q62 as that flows 
through the transistor Q61 . The value Is of the current that flows through the transistor Q62 can be expressed by the 
following equation: 
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Is = (Vreg - 2 X Vbe)/R7 (8) 

where Vreg denotes a voltage of the constant voltage source, and Vbe denotes a base-emitter voltage of the transistors 
5 Q5 and Q61 . 

[0073] Thus, at a node between the transistor Q72 and the resistor R9, a rectangular wave having an amplitude 
(peak-to-peak value) expressed by the following equation is generated: 

, a A = Is x R9 (9) 

[0074] From equations (8) and (9), the amplitude of the rectangular wave can be controlled to any value by the 
resistor R7 or the voltage Vreg. 

[0075] Referring to Fig. 3, the transistor Q8 and the resistor R1 0 define a voltage-follower circuit. The voltage-follower 
15 circuit operates so as to lower the impedance of a signal output from the node between the transistor Q72 and the 
resistor R9, supplying the result to a next stage. 

[0076] The transistors Q9 and Q1 0, diodes D1 and D2, and resistors R1 1 , R1 2, and R1 3 define a push-pull voltage- 
follower circuit. The voltage-follower circuit Is provided In order to further lower the output impedance of the transistor 
Q8. The resistors R12 and R13 are provided for protection of the transistors Q9 and Q10. 
20 [0077] As described above, the voltage signal Vosc output from the voltage-amplifier and amplltude-llmiter circuit 1 2 
is a signal yielded by converting the sum signal voltage from the current-voltage converter and signal-summing circuit 
1 1 into a rectangular wave having an amplitude that may be arbitrarily determined and lowering the impedance of the 
rectangular wave. 

[0078] As described above, a voltage amplitude limlter circuit Including a constant current circuit and a current switch- 
es ing circuit Is provided In a voltage amplifier circuit, and the voltage amplitude limlter circuit limits the amplitude of a 
driving voltage commonly applied to two piezoelectric vibrators. Accordingly, circuit operation is stabilized and heat 
generation by the piezoelectric vibrators is minimized. 

[0079] Fig. 4 is a circuit diagram of the phase-difference voltage converter circuit 13 shown in Fig. 1. Referring to 
Fig. 4, the phase-difference voltage converter circuit 1 3 includes inverters (NOT gates) INa1 to Ina4, INb1 to INb4, and 

so iNab, and excluslve-OR gates Exorl and Exor2. 

[0080] The Inverter INal and a resistor R14 define an amplifier circuit having a predetermined gain. A capacitor C5 
removes a DC component. The Inverters INa2 and INa3 define a waveform-shaping circuit. Thus, the Sa signal Is 
waveform-shaped to supply asignal V1 to one of the inputs of the exclusive-OR gate Exorl . Similarly, the three inverters 
INb1, INb2, IINb3, R15, and C6 waveform-shape the Sb signal to supply a signal V3 to one of the inputs of the exclu- 

35 sive-OR gate Exor2. 

[0081] Resistors R16 and R1 7 and a capacitor C7 define a circuit for summing and Integrating two signals, and it 
sums and Integrates the Sa signal and the Sb signal In cooperation with the Inverters INa4 ( INb4, and INab to yield a 
signal V2 having a phase shifted by 90°. The signal V2 Is supplied to each of the other Inputs of the two excluslve-OR 
gates Exorl and Exor2. 

40 [0082] Furthermore, smoothing circuits defined by resistors R1 8 and R1 9 and capacitors C8 and C9 are connected 
respectively to the outputs of the two exclusive-OR gates, so that a differential voltage signal that is substantially 
proportional to the phase difference between the Sa signal and the Sb signal Is output. 

[0083] The amplifier and filter circuit 1 4 shown In Fig. 1 analog-amplifies, by a differential amplifier circuit, the differ- 
ential signal yielded by converting the phase difference Into a voltage signal, and removes frequency components 
45 other than frequency components to be detected. 

[0084] As described above, current signals that flow through two piezoelectric vibrators are converted into voltage 
signals, and a voltage signal proportional to the phase difference between the voltage signals is output as a mechanical 
force detection signal. 

[0085] Next, the configuration of an acceleration sensor according to a second preferred embodiment will be de- 

so scribed with reference to Figs. 5 and 6. 

[0086] Fig. 5 is a block diagram showing the overall configuration of the acceleration sensor according to the second 
preferred embodiment of the present invention. This acceleration sensor is different from the acceleration sensor shown 
in Fig. 1 in that resistors RLa and RLb are connected respectively to the piezoelectric vibrators Sa and Sb in series, 
and is otherwise the same as the acceleration sensor according to the first preferred embodiment of the present in- 

55 ventlon. 

[0087] Fig. 6 Is an equivalent circuit diagram for explaining the effect of a resistor connected in series with a piezo- 
electric vibrator. Since the effect of a resistor connected In series with the piezoelectric vibrator Is common between 
the two piezoelectric vibrators Sa and Sb, Fig. 6 only deals with the piezoelectric vibrator Sa. In Fig. 6, Sa denotes an 
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equivalent circuit of the piezoelectric vibrator Sa, Vosc denotes a voltage signal output from the voltage-amplifier and 
amplltude-flmlter circuit 1 2 shown In Fig. 5, and RL denotes a resistor connected In series with the piezoelectric vibrator 
Sa. An l-V converter Is a current- voltage converter circuit Implemented by the current-voltage converter and signal- 
summing circuit 11 shown In Fig. 5. 

[0088] The voltage phase <t> of an output voltage Vout of the current-voltage converter circuit is obtained, the voltage 
phase $ is partially differentiated with respect to an angular frequency co, and an oscillation angular frequency coo is 
assigned to the equation obtained, thereby calculating the gradient (differential coefficient) A<J> of the voltage phase 
A$, which Is expressed by a very complex equation, can be approximated by the following equation: 

A^-2X L1/(R1 +■ RL) (10) 

[0089] The change In phase Is represented by a value obtained by multiplying A$ with a difference between the 
oscillation angular frequency coo and the resonant angular frequency cor of the piezoelectric vibrator. When acceleration 
is not being exerted on the acceleration -detecting device 10, coo = cor. 

[0090] That is, A$ is one of the factors that determine sensitivity of detecting acceleration. The sensitivity of detecting 

acceleration can be compensated if A<J> can be controlled. 

[0091 ] Now, a method of temperature compensation will be considered. 

[0092] The result of a partial differentiation of equation (1 0) with respect to temperatureT Is expressed by the following 
equation: 



Eq. 11 



d /ArM- ~ 2XL1 f 1 c9Rl 1 Rl d RL 1 RL A 

dT y Rl+RL\^c9T LI c9T Rl Rl+RL <9T RL Rl+RL J 



- (11) 



[0093] Equation (11) can be rearranged into the following equation: 

A(J>tc = L1tc-{1/(R1 + RL)} X (R1tc X R1 + RLtc X RL) (12) 
where Atfrtc, Lite, and RLtc denote temperature coefficients of A4>, L1 , and RL, respectively. 

[0094] The phase gradient A<J> can be temperature-compensated if a condition for setting the right-hand side of equa- 
tion (12) can be selected. If a resistor (such as an oxide film resistor) whose temperature coefficient can be regarded 
substantially as zero Is used, solving equation (1 2) for RL with RLtc = 0 and the condition for temperature compensation 
A<(>tc = 0 yields the following equation: 

RL = R1 X (R1tc/L1tc- 1) (13) 

[0095] When an ordinary piezoelectric ceramic vibrator is used, and RL = R1 , the range of the rate of change in the 
sensitivity of detecting acceleration in the entire operating temperature range (-40°C to 85°C) is reduced to approxi- 
mately one half. 

[0096] In this example, in order to reduce cost, a general-purpose surface-mount fixed resistor whose temperature 
coefficient is substantially zero, such as an oxide film resistor, is used. Alternatively, a resistor having a temperature 
gradient, such as a thermistor, may be used. A condition that sets A<j)tc = 0 in equation (12) is selected accordingly. 
[0097] If the input impedance of the l-V converter shown in Fig. 6 cannot be neglected as compared with RL, calcu- 
lation Is done in consideration of the input Impedance of the l-V converter together with RL. 

[0098] As described above, by using only two general-purpose surface-mount fixed resistors, the rate of change In 
the sensitivity of detecting acceleration in the entire operating temperature range is significantly improved without 
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Increasing cost. This advantage Is achieved by using current signals that flow through an acceleration -detecting device, 
and Is not achieved by the configuration disclosed In Japanese Unexamined Patent Application Publication No. 
2002-243757. 

[0099] Although acceleration sensors that detect the difference between stresses applied to the two piezoelectric 
5 vibrators Sa and Sb by acceleration are used In the first and second preferred embodiments, sensors that detect other 
mechanical forces can be similarly constructed by arranging so that stresses In opposite directions will be applied to 
the piezoelectric vibrators Sa and Sb by the mechanical forces. For example, if the arrangement is such that a difference 
in stress Is caused between the two piezoelectric vibrators Sa and Sb by an angular acceleration, the arrangement 
can be used as an angular acceleration sensor. If the arrangement Is such that a difference in stress is caused between 
10 the two piezoelectric vibrators Sa and Sb by an angular velocity, the arrangement can be used as an angular velocity 
sensor. Similarly, if the arrangement is such that a difference in stress Is caused between the two piezoelectric vibrators 
Sa and Sb by a load, the arrangement can be used as a load sensor 

[0100J Next, the configuration of an acceleration sensor according to a third preferred embodiment wilt be described 
with reference to Fig. 7. 

is [0101 J Fig. 7 is a diagram showing the configuration of a current-voltage converter and signal-summing circuit that 
Is different from the current-voltage converter and signal-summing circuit Included In the acceleration sensors according 
to the first and second preferred embodiments. As opposed to the first and second preferred embodiments, in which 
summing is performed at the stage of current signals, In the example shown In Fig. 7, summing Is performed after 
conversion into voltage signals. Referring to Fig. 7, an acceleration-detecting device 10 includes two piezoelectric 

20 vibrators Sa and Sb to which stresses In mutually opposite directions are applied by an acceleration. Also provided 
are current-voltage converter circuits 11a and 11b, and a summing circuit 11c for voltage signals. 
[0102] The current-voltage converter circuits 1 1 a and 11 b are defined by operational amplifiers and feedback resistors 
R21 and R22, respectively. The summing circuit 11c is defined by an operational amplifier and resistors R23, R24, and 
R25. 

25 [0103] In the example shown in Fig, 7, however, a high-speed operational amplifier that exhibits a predetermined 
gain even at an oscillation frequency (frequency of the voltage signal Vosc) of several MHz Is required. As opposed 
thereto, in the example shown In Fig. 2, the only active elements used are the four transistors, achieving an advantage 
of lower cost. 

[0104] It should be understood that the foregoing description Is only illustrative of the present Invention. Various 
30 alternatives and modifications can be devised by those skilled In the art without departing from the present invention. 
Accordingly, the present invention is intended to embrace all such alternatives , modifications and variances which fall 
within the scope of the appended claims. 



35 Claims 

1 . A mechanical force sensor comprising: 

at least two piezoelectric vibrators to which stresses in mutually opposite directions are appliedby a mechanical 
force; 

a circuit for applying a voltage signal commonly to the at least two piezoelectric vibrators; 
a current-voltage converter circuit for converting current signals that flow through the at least two piezoelectric 
vibrators into voltage signals; and 

a phase-difference signal processing circuit for detecting a phase difference between the output voltage signals 
of the current-voltage converter circuit and outputtlng a mechanical force detection signal. 

2. A mechanical force sensor according to Claim 1 , wherein the circuit for applying a voltage signal commonly to the 
at least two piezoelectric vibrators Is a voltage amplifier circuit that provides the at least two piezoelectric vibrators 
with a positive feedback of a voltage signal from and in phase with a voltage signal obtained by summing the 
current signals that flow through the at least two piezoelectric vibrators, output from the current-voltage converter 
circuit, whereby the voitage amplifier circuit, the piezoelectric vibrators, and the current-voltage converter circuit 
cause an oscillating operation. 

3. A mechanical force sensor according to Claim 2, wherein the voltage amplifier circuit Includes a voltage amplitude 
limiting circuit Including a constant current circuit and a current switching circuit, and the voltage amplitude limiting 
circuit limits a voltage amplitude of the voltage signal commonly applied to the at least two piezoelectric vibrators. 

4. A mechanical force sensor according to Claim 2, wherein a frequency of the oscillating operation Is a frequency 



40 
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In a resonant frequency range of the piezoelectric vibrators. 

5. A mechanical force sensor according to Claim 4, wherein the resonant frequency range Is a range In which admit- 
tance phases of the piezoelectric vibrators are within approximately 0 ± 45 degrees. 

5 

6. A mechanical force sensor according to Claim 1 , wherein the current- voltage converter circuit Includes two differ- 
ential amplifier circuits for respectively generating current signals In opposite phases with input current signals to 
cancel out the input current signals and for respectively dividing the current signals In the opposite phases into 
two, and of the two distributed signals associated with each of the two differential amplifier circuits, first current 

'0 signals flow through a common Impedance element and second current signals flow respectively through different 

Impedance elements, thereby generating voltage signals to be output. 

7. A mechanical force sensor according to Claim 6, wherein at least one of the impedance elements is a resistor. 

15 6. A mechanical force sensor according to Claim 6, wherein the differential amplifier circuits are arranged such that 
emitters or sources of first and second transistors are connected to each other, a first resistor is connected between 
a node therebetween and an analog ground, emitters or sources of third and fourth transistors are connected to 
each other, a second resistor is connected between a node therebetween and the analog ground, bases or gates 
of the first to fourth transistors are connected to a constant voltage source, collectors or drains of the second and 

20 third transistors are connected to each other, a fifth resistor is connected between the collectors or drains and a 

power supply line, and third and fourth resistors are connected between the collectors or drains of the first and 
fourth transistors and the power supply line, respectively. 

9. A mechanical force sensor according to Claim 1 , wherein the phase-difference signal processing circuit is a dif- 
25 ferential phase difference -voltage converter circuit that receives a differential input of the output voltage signals 

of the current-voltage converter circuit and that outputs a voltage signal representing a phase difference. 

10. A mechanical force sensor according to Claim 1 , wherein resistors are connected respectively In series with the 
at least two piezoelectric vibrators. 

30 

11. A mechanical force sensor according to Claim 1, wherein the mechanical force is an acceleration. 

12. A mechanical force sensor according to Claim 1 , wherein the mechanical force Is an angular acceleration. 
35 13. A mechanical force sensor according to Claim 1 , wherein the mechanical force Is an angular velocity. 

14. A mechanical force sensor according to Claim 1 , wherein the mechanical force is a load. 

1 5. A mechanical force sensor according to Claim 1 , further comprising an Insulating case and a center-impeller beam 
^0 structure, wherein the at least two piezoelectric vibrators are supported by the center-Impeller beam structure in 

the Insulating case. 

16. A mechanical force sensor according to Claim 1, wherein the at least two piezoelectric vibrators are unimorph 
detecting devices. 

45 

17. A mechanical force sensor according to Claim 1, wherein the at least two piezoelectric vibrators Include both 
energy-trap type thickness-shear vibration-mode resonators. 

18. A mechanical force sensor according to Claim 1, further comprising a summing circuit for summing the signals 
so from the current-voltage converter circuit when the signals are current signals. 

19. A mechanical force sensor according to Claim 1, further comprising a summing circuit for summing the signals 
from the current- voltage converter circuit after the current signals have been converted Into voltage signals. 

55 
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FIG. 1 
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FIG. 2 
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FIG. 3 
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FIG. 5 
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FIG. 6 
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FIG. 8A 




FIG . 8B 
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FIG. 11 
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